Ionotropic glutamate receptors are major excitatory receptors in the central nervous system and also have a far reaching influence in other areas of the body. Their modular nature has allowed for the isolation of the ligand-binding domain and for subsequent structural studies using a variety of spectroscopic techniques. This review will discuss the role of specific ligand:protein interactions in mediating activation in the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid subtype of glutamate receptors as established by various spectroscopic investigations of the GluR2 and GluR4 subunits of this receptor. Specifically, this review will provide an introduction to the insight gained from X-ray crystallography and nuclear magnetic resonance investigations and then go on to focus on studies utilizing vibrational spectroscopy and fluorescence resonance energy transfer to study the behavior of the isolated ligand-binding domain in solution and discuss the importance of specific ligand:protein interactions in the mechanism of receptor activation.
Introduction
Ionotropic glutamate receptors are ligandgated ion channels activated by the binding of the neurotransmitter glutamate. They are responsible for most of the excitatory synaptic signaling in the mammalian central nervous system (1) (2) (3) (4) (5) (6) (7) . This class of receptors has also been shown to be involved in many diverse neuropathologies, such as ischemia, Parkinson's disease, and amyotrophic lateral sclerosis (3, (8) (9) (10) (11) (12) , and to play other varying roles throughout the body (13) (14) (15) (16) (17) . Their wide ranging effects in the body make this class of receptors an important focus of current research in an effort to elucidate their mechanism of activation.
Ionotropic glutamate receptors are homoor heteromeric tetramers that assemble in a dimer-of-dimers fashion. They are classified based on their affinity for three different types of agonists: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate, and kainate. AMPA receptors are composed of a combination of the subunits GluR1-GluR4, N-methyl-D-aspartate of NR1-NR3, and kainate of GluR5-7 and KA1-2. Agonist binding to the extracellular ligand-binding domain results in conformational changes that allow for the formation of a cation specific transmembrane channel and flow of ions across the cell membrane (4) (5) (6) (7) 18) .
Ionotropic glutamate receptors exhibit a K.A. Mankiewicz and V. Jayaraman www.bjournal.com.br modular topology and consist of an N-terminal domain that has a variety of functions including subunit assembly and receptor trafficking, a bilobed extracellular ligand-binding domain known as S1S2, three transmembrane segments and a pore loop segment, and an intracellular C-terminus that is involved in modulatory functions and interactions with other proteins in the cytosol (4) (5) (6) (7) 18) . This modular nature of the receptor has permitted investigations of the isolated ligand-binding domain. The large scale expression of this domain has paved the way for detailed structural investigations, using techniques such as X-ray crystallography (19) (20) (21) (22) (23) (24) (25) (26) (27) , nuclear magnetic resonance (NMR) (18, (28) (29) (30) , vibrational spectroscopy (31) (32) (33) (34) (35) (36) , and fluorescence resonance energy transfer (FRET) (37) . This review will focus primarily on spectroscopic investigations of AMPA receptors and insights gained through these investigations, with a brief overview of the insights from the X-ray and NMR structures obtained for this subtype.
Agonists mediate activation through a cleft closure conformational change
Electrophysiological studies have shown varying degrees of activation depending on the particular agonist activating the channel. Activation of wild-type homomeric GluR2 AMPA receptors by saturating concentrations of the full agonists glutamate and AMPA results in large peak currents (37), while peak currents due to activation of these channels by saturating concentrations of the partial agonists kainate (37) and the 5-substitued willardiines (21) are smaller. Single channel studies of wild-type GluR2 homomeric receptors utilizing the full agonist glutamate and the partial agonists (S)-5-bromowillardiine and (S)-5-iodowillardiine have indicated that both full and partial agonists activate the same set of conductance states but differ in the frequency of occupation of these states. Glutamate will preferentially engage the higher conductance states but also activate the lower conductance states while the partial agonists will preferentially engage the lower conductance states but also occupy the high conductance states (21) . Extensive studies have been done utilizing the isolated ligand-binding domain of GluR2 to investigate the structural changes in this portion of the receptor associated with these differing extents of agonism.
The crystal structures of the isolated ligand-binding domain of the GluR2 subunit show a bilobed ligand-binding cleft, where ligands bind between the two lobes ( Figure  1 ). In addition, they also show a greater amount of closure of the ligand-binding cleft with full agonists, such as glutamate, AMPA, and quisqualate, a lesser amount of cleft closure with partial agonists, such as kainate and the 5-substituted willardiines, and minimal or no cleft closure in the apo-or antagonist-bound states (19, 21, 23, 25) . These structures in all but one case (24) show that the degree of cleft closure of the ligand-binding domain correlates to the extent of agonism by a given ligand (19, 21, 23, 25) . These results suggested a multistate-induced fit or KNF (38) model of allosteric activation for AMPA receptors (19, 21, 24) , with the cleft closure conformational change being the primary mediator between the ligand-binding domain and the channel segments.
The information and insight provided by these crystal structures are no doubt a significant step in the understanding of the mechanism of activation of these receptors. However, the crystal structures represent the protein in a static state and cannot provide dynamic information about the protein due to the binding of these agonists. Complementary spectroscopic investigations have provided insight into these motions and also suggest that there may be other mechanisms in addition to the cleft closure conformational change that control the subtleties of the extent of activation by a given ligand. (28) in their study described the binding pocket for the GluR2-S1S2 protein as containing two components: one that interacts with the α-carboxylate and α-amine groups of the ligand, located in domain 1, and the other interacting with the γ-carboxylate of glutamate, located in domain 2. McFeeters and Oswald found that the residues interacting with the α-carboxylate and α-amine groups of the ligand had little or no dynamic motion, while those residues interacting with the γ-carboxylate of glutamate had motion on the µs-ms time scale.
The µs-ms time scale dynamics involved a ß-sheet core in domain 2, and since the channel segments are directly connected to ß-sheet segments that are a part of this core, fine changes in the dynamics in this region could be a mechanism by which the agonist controls the subtleties of the extent of receptor activation. Additionally, the two linkers that connect domains 1 and 2 to each other are also connected to this ß-sheet core of domain 2, indicating a role for these components in the domain closure conformational change (18, 28) . While the dynamics and conformational changes have been studied by X-ray and NMR methods, vibrational spectroscopy has been used to zoom in and investigate the role of specific ligand:protein interactions in controlling the dynamics and conformational changes and ultimately the function of the receptor.
Role of specific ligand:protein interactions
The vibrational signatures of specific moieties are very sensitive to the atomic-level chemical environment of the protein, and hence small changes in the environment of the ligand Figure 1 . Crystal structure of GluR2-S1S2 protein with glutamate bound (19) . Sites that were tagged with fluorescent labels for fluorescence resonance energy transfer measurements are highlighted. cally, the frequency of the asymmetric carboxylate stretching mode has been established to have a linear dependence on the enthalpy of association at the carboxylate moiety, with a 3 cm -1 downshift in frequency corresponding to a 1 kcal/mol decrease in the enthalpy of association (35, 39) . Using this correlation, and by comparing the frequencies of the α-carboxylate moiety for glutamate in the protein versus in solution (Table 1) , it was established that the α-carboxylate moiety of glutamate exhibited a 1.3 kcal/mol decrease in energy bound to the protein relative to in solution, consistent with the electrostatically favorable environment due to the presence of a positively charged R485 within hydrogen-bonding distance of this group as observed in the crystal structure ( Figure 2 ). The γ-carboxylate of the glutamate, on the other hand, exhibited an increase in the frequency of the asymmetric carboxylate stretching mode which corresponds to a 3.7 kcal/mol increase in energy. These results suggested that, while the crystal structure showed favorable hydrogen-bonding interactions with residues S654 and T655, the overall energetics at the γ-carboxylate were unfavorable. The E705D mutant interestingly did not exhibit this unfavorable interaction and showed a downshift in the asymmetric carboxylate stretching mode of the γ-carboxylate, thus suggesting that the E705 residue was contributing to the unfavorable interaction, and that while the crystal structures showed the E705 residue 7 Å away from the γ-carboxylate, this carboxylate was probably in closer proximity to the E705 residue in solution (Figure 2 ) (32).
The vibrational spectroscopic investigations were also used to compare the environment of the α-carboxylate groups of AMPA and kainate with the ligand-binding domain. As seen with glutamate, there was a decrease in the frequencies of the asymmetric α-carboxylate vibrations for the bound ligands, suggesting favorable interactions at this moiety for all three ligands, and the strength of the interactions followed the order kainate > AMPA > glutamate ( Table 1) . The S-H stretching vibration of Cys 425, which due to its proximity acts as a good probe of the interactions at the α-amine group of the ligand, showed no shift between the apo and kainate-bound forms, indicating no significant perturbation in the environment of this residue due to kainate binding, while a large downshift was seen with the full agonists AMPA and glutamate bound, indicating a large perturbation and a stronger hydrogen bond at the S-H group of Cys 425. These results suggested that the interactions at the α-amine group follow the order AMPA = glutamate > kainate (Table 1 ) (32).
Tug of war
The vibrational studies with the full agonists glutamate and AMPA and the partial agonist kainate suggest that a tug of war occurs between the α-carboxylate and α-amine groups of the agonists. The full agonists glutamate and AMPA have stronger interactions at their α-amine groups and weaker interactions at their α-carboxylate groups, while the partial agonist kainate has a stronger interaction at its α-carboxylate group and a weaker interaction at its α-amine group (32, 36) . To extend these correlations, mutant receptors that exhibited a wide range of activations for these three agonists were studied (36) . The changes in the ligand:protein interactions as studied by vibrational spectroscopy were correlated to the extent of cleft closure in these mutant receptors as determined by FRET and ultimately to the functional consequences.
Fluorescence resonance energy transfer to measure cleft closure
Two strategies were utilized to measure the extent of cleft closure in the GluR2-S1S2 protein (Figure 1 ). In the first strategy, residue S652 (near the ligand-binding cleft but not involved in the ligand-binding process) was mutated to a cysteine and labeled with diethylenetriaminepentaacetic acid chelate of Tb (DTPA-Tb) as the donor while a histidine tag was put at the N-terminus and labeled with a Cy3 derivative of a nitrilotriacetic acid chelate of Ni as the acceptor. In the second strategy, residues S652 and T394 (at the N-terminus) were mutated to cysteines and labeled with a 1:1 ratio of either DTPA-Tb or the triethylenetetraaminehexaacetic acid chelate of Tb as the donor and fluorescein as the acceptor. The inherent cysteines (425 and 436) were not mutated because they are inaccessible to the fluorophores. The donor was then excited at 337 nm and emission lifetimes were collected at either 488 nm (to measure donor only lifetimes), 515 nm (fluorescein) or 575 nm (Cy3 Ni chelate) for the protein in the apo and glutamate-, AMPA-, and kainate-bound states (37) .
The FRET distances as determined on the basis of sensitized emission of the acceptor fluorophore in the presence of the donor fluorophore followed the order apo > kainate > glutamate ≈ AMPA. The order was consistent with the crystal structures; however, the changes as determined by FRET be- tween the various ligated states were smaller than those observed in the crystal structures (Figure 3) . Since the FRET investigations probe the average distances occupied by the fluorophores, it can be concluded that, in solution, on average the cleft closure changes are not as large as those observed in the crystal structures (37) .
Extending these FRET investigations to the L650T and Y450F mutations that exhibit a wide range of activations by the three ligands kainate, glutamate and AMPA, it was found that the Y450F mutation followed the same trends as the wild type (36) , where cleft closure correlated to the degree of activation, but that in the L650T mutant that was not the case ( Figure 3 ). In the L650T mutant, the AMPAbound form was more closed than the glutamate-bound form, while glutamate exhibited a greater amount of activation than AMPA (37) . The L650T mutant hence provided an excel-K.A. Mankiewicz and V. Jayaraman www.bjournal.com.br lent system to study if the correlations between the interactions at the α-carboxylate and α-amine groups of the ligands as determined by the vibrational spectroscopic investigations of the wild-type protein tracked the changes in the extent of cleft closure or the changes in activation.
Vibrational spectroscopic investigations in both of these mutants showed a correlation in all but one case between the strength of the interactions at the α-amine group of the agonist and degree of activation, with stronger interactions at the α-amine group resulting in a large activation of the channel (Table 1) . Specifically, in the L650T mutant the strength of the interactions at the α-amine group of the agonist did not track the extent of cleft closure but could be correlated to the extent of activation. These results suggest that the interaction of the α-amine group of the agonist could be another pathway by which the ligand controls channel activation (36) . It would be interesting to determine the correlations between the strength of the interactions at the α-amine group and the dynamics of the protein specifically by studying the L650T mutation. This would provide insight into whether the two mechanisms are coupled.
Kinetic steps in ligand-binding: time-resolved Fourier transform infrared spectroscopy
One of the additional advantages of using vibrational spectroscopy is that it can be applied in a time-resolved manner to investigate the steps of the ligand-binding process as the protein proceeds from the unligated to the ligated state (35) . Because the static end state structures of the GluR2-S1S2 protein have been characterized (32) , the changes in the vibrational modes through time can be monitored to give structural information about the protein as it progresses through the various stages of ligand binding (35) . Stopped flow fluorescence measurements with the GluR4 excised ligand-binding domain have indicated a two-step ligand-binding process: a "ligand-docking" step followed by a "protein-locking" conformational change through the use of a series of mutants on both lobes of the ligand-binding cleft (40) . However, these stopped flow fluorescence measurements are limited by temporal constraints and structural ambiguity. Time-resolved Fourier transform infrared (FTIR) spectroscopic investigations have the submillisecond time resolution required to study the ligand-binding process in glutamate receptors and also the ability to provide structural information about the intermediates formed during the process. By using an inert caged precursor of glutamate, the ligand can be photolytically released from the cage with a laser pulse to initiate the reaction, and measurements can be taken thereafter during the ligand-binding process (31, 35) .
The time-resolved FTIR difference spectra for the E705D mutant (31) showed a twostep binding process, in agreement with the fluorescence measurements. However, unlike the fluorescence measurements, the FTIR spectra are able to determine the structural changes associated with the ligand-binding steps (Figure 4 ). In the first step, interactions between the α-carboxylate of glutamate and the protein are established. In the second step, interactions at the γ-carboxylate of glutamate are formed with rearrangements in the protein backbone (31) . The time-resolved spectra were able to not only confirm the two
Step 1
Step 2 step process seen with the fluorescence measurements but were also able to structurally characterize the process to give insight into the interactions formed between glutamate and the S1S2 domain during the binding process.
Isolated ligand-binding domain ⇔ ⇔ ⇔ ⇔ ⇔ full receptor?
All of the studies discussed so far in this review have been done using the isolated ligand-binding domain S1S2 from the full receptor. The accuracy of the conclusions reached by these studies is dependent on the inference that the S1S2 protein is a good model of this domain in the full receptor. The assumption that the behavior of the isolated S1S2 domain is equivalent to that of the full receptor has been based on studies showing similar ligand-binding affinities for both (19, 41, 42) and similar electronic environments for the antagonist 6-cyano-7-nitro-2,3-dihydroxyquinoxaline (43) . FRET investigations on the GluR4 subunit expressed in HEK cells have also been performed to determine if the amount of cleft closure in the full receptor is equal to that in the soluble ligand-binding domain (44) .
In these investigations, the N-terminus was deleted from the full length GluR4 subunit, which has been shown not to affect functioning of the receptor (45) , and the inherent cysteines at positions 426 and 529 (equivalent to 425 and 528 in GluR2) were mutated to serines. Green fluorescent protein (acceptor) was then fused to the N-terminus of the receptor and residues 444 and 446 (443 and 445 in GluR2) in domain 1 and 653 and 686 (652 and 685 in GluR2) in domain 2 were individually mutated to cysteines and labeled with the malemide derivative of the Tb chelate as the donor fluorophore. The emission lifetimes in the absence and presence of a donor in the apo and glutamate-and kainate-bound states were then measured to determine the distances between the selected residues and the N-terminus.
When the domain 1 sites were tagged with terbium, no changes in distance were observed between the apo, glutamate-, and kainate-bound states of the receptor. However, when the domain 2 sites were tagged with terbium, the distances measured between the donor and acceptor followed the order apo > kainate > glutamate (44) . This is in agreement with the crystal structures (19) , with the cleft being most open in the apo state, partially closed in the kainate-bound state, and fully closed in the glutamate-bound state. In addition, no changes in distance were observed for the glutamate-bound structure with and without the desensitization blocker cyclothiazide, supporting the hypothesis that receptor activation (channel opening) is mediated primarily by cleft closure while desensitization is propagated by interactions at the dimer interface (44) . These results provided the first conclusive proof that the changes in the isolated ligand-binding domain can be correlated to changes in the full receptor and strengthens the hypothesis that the isolated ligand-binding domain is a good model for the binding domain in the full receptor.
Conclusions
The large scale expression of the isolated ligand-binding domain has paved the way for detailed structural and spectroscopic investigations, which have teased apart the contributions of specific ligand:protein interactions in mediating conformational changes and dynamics in the ligand-binding domain and ultimately activation of AMPA receptors. While the ligand-binding domain has been studied extensively, the changes in the transmembrane and intracellular segments associated with activation and desensitization are still largely unknown, and investigations on these segments or the full receptor are essential to gain a complete understanding of the allosteric mechanism in this group of proteins.
